Studies on the electrochemical properties of copolymers of maleic acid, V : viscometric behaviors by Monobe, Kazuo
Title Studies on the electrochemical properties of copolymers ofmaleic acid, V : viscometric behaviors
Author(s)Monobe, Kazuo




Type Departmental Bulletin Paper
Textversionpublisher
Kyoto University
The Review of Physical Chemistry of Japan Vol. 31 (1961)
THE REVIEW OF PHYSICAL CHExlsrxv of ]AFAR. VoL. 31, No. 1, AVG. t961
 STUDIES ON THE ELECTROCHEMICAL PROPERTIES 
     OF COPOLYMERS OF MALEIC ACID, V 
                 ViscomeEric Behaviors 
                       BY KAZUOMOKOBE 
                      (Received October 37,1960)
   The viscosities of the malefic acid copolymers with styrene and vinyl acetate, 
which show electrochemic¢Ily typical polydibasic characteristics, were studied 
mainly in aqueous medium and partly in acetone-water (I :1) mirture. The vis-
cosity change due to the change in degree of neutralization at a given concentration 
reflected the polydibasic characteristics. The reduced viscosity as a function of 
concentration at agiven degree of neutralization was studied at 2i C. Some data 
fitted Fuoss's equation for strong polyelectrolyles and some otber did not fit. A 
general emipirical equation, ~C1+BG*+D, was proposed for the viscometric 
data which did not 5t Fuoss's equation. The values obtained for n in the above 
equation were constant at a given degree of neutralization and for a given polymer. 
and all were intermediate between one-half and one. The significance of n wa; 
discussed and the meanings of A and D in the above equation were also ezamiaed.
                                 Introduction 
   Electrahemically, we can readily understand'> the polydibasic property by the two classes 
of dissociation based on the strong electrostatic interactions between the nearest neighboring 
charged groups on a polymer chain. However, the dissociation processes of polydibasic acids are 
apparently different from that of monomeric dibasic acids in the point that the counter-ions are 
subjected to the potential due to the clustering of ionic charges on the polymer molecule. In 
this paper, we will study the viscosity of the maleic acid copolymers which have a typical 
characteristic of polydibasic acid. We know well that the creation of electrostatic charges on a 
polymer molecule causes the expansion of its coil due to [be intramolecular repulsion's. How-
ever, the solution viscosity of the maleic acid copolymers may depend on the coiling a&ect of 
non-solvating mmonomer groups as well as on the uncoiling effect of charged groups in an aqueous 
mediums. The coiling force due to the nonpolar comoaomer substi[uents may considerably 
influence on the coil configuration at low degree of ionization, while the uncoiling effect due to 
the increased net charges may be dominant at higher degree of ionization. 
   The viscometric bebavion of the 1 : 1 copolymer of maleic acid with either vinyl acetate 
    1) R. Monobe, This Journal, 30, 138 (1960) 
    1) See, for example, H. Eisenberg and R. M. Fuoss, Modern Aspectr of Efrchrxkemirtry, Sutter-
worth Sci. Pub., London, p. 29 (1954) 
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(MA-VAc), or styrene (MA-S) are studied mainly in aqueous medium and paztly in acetone-water 
(I : I) mixture. The viscosity measurements arerestricted to the system which does not include 
external electrolytes; in the present investigation.
                              Experimentals 
   The fractionated samples of the original 1 : 1 malefic anhydride copolymers described in the 
previous pape2~ were dissolved in conductivity water and used Cor viscosity measurements. The 
molecular weights of the malefic anhydride copolymers were determined byosmotic measuremenu'1 
in tetrahydrofuran solutions. Based on [hose results, the molecular weight of the corresponding 
hydrolyzed malefic anhydride copolymers, MA-VAc and MA-S copolymers, were calculated as 
follows: 130,000 for MA-VAc-Fy lOD,D00 for MA-S-F7, 170;000 for MA-S-FS, 200,000 for 
MA-S-F, and 240,000 for MA-S-F,. The compositions were nearly 1 :1 and details were des-
cribed in Part IIIn of this series. 
   The solutions of thosecopolymers for viscosity measurements were diluted with water (or 
with acetone and acetone-water mixture) from the stock solutions of about 0.4 g/dl. The vis-
cosities of the solutions were measured at the concentrations below 0.2 g per 100 cc in Ostwald 
vis[osimeters at 25.00,1°C. The flow time for water and for acetone-water (1 : 1 in weight) 
mixture°1 was SS.bsec and 32.3 sec respectively at ?5°C. The kinetic energy corrections of solution 
viscosities were neglected here. The concentrations of the malefic acid copolymers, which were 
represented by grams per 100 cc, were calculated from the weights of the original anhydride 
copolymers u ed, their free carboxyl contents, monomer compositions i  the copolymers and the 
concentrations of equivalent alkali. The degree of neutralization a was defined here in the 
way [hat a=1 and a=0.3 represent the neutralization point and the half neutralization point, 
respectively.
                          Results and Discussion 
   1 Viscosity change due to the degzee of neutralization Ne shall show a[ first 
the viscosity change due to the degree of neutralization. Fig. 1-I gives the plots of the reduced 
viscosity, ~ , at constant concentration C; gainst [he degree of neutralization a in aqueous 
medium. Fig. 1-II shows the same viscometric plots in acetone-water solution. In Fig. 1-I, 
curves A„ A, and A, are the ~ ~-a curves forMA-VAc copolymer F, whose molecular weight 
is 130,000, at the concentrations of O.19, 0.10 and 0.04 g/dl, respectively. Br, B_ and B, aze the 
curves for MA-S copolymer Fr whose molecular weight is 100,000 at the same concentrations a  
that far MA-VAc copolymer. 
    4) &. Monobe: to be published 
    5) B. Monobe, Thit Jossrnal, 30, 155 (1960) 
    6) The dielectric onstant is 48.2 a[ 25'C. Laudok-Bb'rnslein Tab., Erg. IV
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  Fig. 1 Viscosity change at 2SC platted against degree o[ neutralization with sodium hydroxide 
         I: aqueous solution II: acetone-aqueous (I : l) solution
            conc. (g/dl) 0.19 0.10 0.04 conc. (g/dl) 0.17 0.I0 0.04 
          MA-VAc (O) Ar Az Az MA-S (O) Cz C. Cz
           MA-S (~) Br Bz Ba 
    As shown in Fig. 1-I, the reduced viscosity at each constant concentration shows the maxi-
mum value at a=0.5 for the two copolymers. In particular, MA-S copolymer exhibits a sharp 
decrease in ~ at a~0.5. The sharp increases of the reduced viscosities with increasing a up 
to 0.5 for the two copolymers are based on the increased net changes. When a increases beyond 
0.5, the counter-ions binding due to the neazest neighboring interaction becomes so dominant hat 
the reduced viscosities decrease. In the styrene copolymer, the counter-ions effect based on the 
hydrolysis causes particularly a sharp decrease of reduced viscosity. The hydrolysis results from 
the stronger nearest neighboring interactions>. Tbus, the viscosity results reRect a polydibasic 
characteristic. 
   In Fig. 1-I, the reduced viscosities fcr the styrene copolymer are distinctly smaller than 
those for the vinyl acetate copolymer at low degree of neutralization (aG0.2). However, [he 
reduced viscosities at 0.2<aG0.5 are a little larger, in ;pile of the lower molecular weigh[. 
Now attention will be directed here on the reduced viscosities near the degree of dissociation 
where the average dissociation constants, pKr and pIG, Gave been evaluated for the two copoly-
mers. For an example, at the concentration of 0.19g per IOOcc which corresponds to nearly 0.01 
monomole per liter, we have the values of ~ =28 at a=0.25 and ~ =35 at a=0.75 for 
MA-S copolymer. The corresponding values for MA-VAc copolymer are 28 and 44 at a=0.25 
and a=0.75 respectively. These values are considerably higher than the values at a=0 (1.6 
for MA-S and S for MA-VAc) and than the intrinsic viscositiess~ of the uncharged copolymer
i 
t
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anhydrides in organic medium. We shall assume that the reduced vistosity measures the size of 
the solute in polyelectrolyte solutions as well. Thus, we can expect a considerable expansion of 
polymer coil for the two copolymers at a=0.2.° or a=0.75. The relatively lower value a[ 
a=0.75 for MA-S copolymer may be based on the counter-ions effect due to the hydrolysis 
rather than on the coiling effect due to the cohesive forte of phenyl groups. judging from the 
fact that the same value of reduced viscosity as that for MA-VAc copolymer at a=0.25 can be 
obtained. It is a problem on the domain where [he electrostatic force is predominant. How-
ever, we may expect a tighter coiling at a~0.2 for MA-5 copolymer as pointed out by Ferry"~. 
   2 Reduced viscosity as a function of concentration The aqueous olutions of the 
malefic acid copolymers at various degrees of neutralization (the stock solutions of about 0.4g/dl) 
were diluted with water and the viscosity of the solutions were measured at 2~ C. Fig. 2 shows 
the viscosity curves. ~ =fo(C), which represea[ the reduced viscosity as a function of concent-
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               Fig. 2 Reduced viscosity as a function of concentration et 25'C
       I: MA-VAc copolymer aqueous solutions II: MA-S copolymer aqueous solutions 
          curve 1 2 3 4 i curve 1 2 3 4 5 
        sign • ~ O ~ x sign • D ~ O x
           ¢ 0 0.2i 0.50 0.7i l.00 a 0 0.2 0.3 0.3 0.7 
   As is obvious in Fig. 2, general polyelectrolyte behaviors that [he reduced viscosity increases 
with dilution, presents itself markedly. However, when we look over the craves in detail, we 
can notice that the increasing rate of reduced viscosity on dilution varies according to the degree 
of neutralization ; the higher the degree of neutralization is. [he smaller the slope of curve is. 
The results for MA-VAc copolymer shown in Fig. 2-I and also for MA-S copolymer in Fig. 
y 
7) R. M. Fuoss and U. P. Strauss, !. Polymer Sci., 3, 246 (1948)
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2-II give a similar tendency. 
   In generate hereduced viscosity of strong polyelectrolytes is described quantitatively b  the 
equation of Fuoss°>. 
                          C i+BC# 
where A, B and D are [be characteristic constants and C is the polymer concentration. However, 
when we plot the results in Fig. 2 according. to Equation (1) in reciprocal form, some unreasonable 
plots are obtained, with which the eztrapolzrions to C=0 give the negative values°I. The reason-
able plots are obtained at a>O.i for MA-S and at ¢=1 for MA-VAc except he results in 
extremely high dilution. The other cases how Ehe unreasonable p ots. At fiat, we shall show 
some examples which 5t well [o Equation (1). Fig. 3 gives the linear relationship between 

















Fig. 3Plots of(C-D)-t against C3 
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the intercepts of the ordinate at C=0 in Fig. 3 were very small, we obtained the values 
t and B in Table 1 by means of an alternative method"7 ; plotting (~'-D}Cf against 
and the slope and intercept were used to evaluate A and B, respectively. These A values 
6) R. M. Fuoss and G. I. Gathers, J. Polymer Sci., 4, 97 (19a9) 
9) 7• R. Schaefgen and C. F. Trivisonno, 1. Am. Chem, Soc., 74, 2715 (1952)
Tahle
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I Characteristic constants for MA-S copolymer F; according to Equation (1)
31 (1961)

















are considerably large in spite of the influence of hydrolysisr~ at a~0.5, where A corresponds 
to the intrinsic viscosity of the highly stretched polymer. The other results in higher moleculaz 
weight sample (MA-S-F.) showed tar lazger values o[ A. 
    However, we tan observe the decrease10~ of the reduced viscosity at extremely low concent-
ration where the relative viscosity is still high. The result for MA-S copolymer Fr is shown in 
Fig. 4, where the concentration range measured is from 2.5 x 10-' to 0.25 x ]0-' g per dl. Although 
the concentration is extremely low, [he relative viscosity obtained is ranging from about 4.5 to 
about 1.4. We could observe more distinctly the same tendency in the high molecular weight 














Fig. 4 Reduced viscosity of bfA-S-Ft 
      in extreme]y dilute solution at 
       25'C
      0 0.5 1.0 15 2.0 2.5 
               Concentration, C, g/dIx10' 
   We may point out here that the maximum values of the reduced viscosities for MA-S co-
polymer Fr shown in Fig. 4 may be still larger than the corresponding value for polymethacrylic 
acid; Ot6 and Doty"> have shown the value of A=Si.i at ~=0.65 for polyme[hacrylic acid 
   !O) J, A, V. Butler, A. B. Robins and R. V. Shooter, Proc. Ray. Soc., A241, 299 (1957) 
      K. Hotta, CSem. High Polymert (Tokyo), 12, 276 (1955) 
   ]t) A. 0th and P. Doty, 1. Pbys. Chem., 56, 43 (1952)
The Review of Physical Chemistry of Japan Vol. 31 (1961)
56 K. Monobe
whose molecular weight is 90.300. 
   Now we shall treat quantitatively the data, which give no reasonable plots by Equation (1), 
in the following way. The viscosity behavior of weak polyelectmlytes oa dilution can be described 
generally by the equation of Kern'=~ ; 
where K and n' are constants. We can modify Equation (2) in the analogous form with Equation 
(I) as follows; 
                                        rlFa-_ A (3 )                           C 
1+BC"+D' 
In Equation (3), ifwe neglect the onsatnt D a d set n=-n' and B=K, then Equation (3) s 
reduced to Equation (2j, when the term BC" is much larger than I. On the other band, Schaefgensl 
has proposed the following equation applicable to certain polyamides of low charge density ; 
                                             r/ev- A                           C 
1+BC+D. (4) 
The term which is proportional to C is introduced in Equation (4) in place of BC# in Equation 
(1), as the factor's which relates to the interaction between polyion and its counter-ions. 
   Thus, Equation (3) may be regarded as a general form of Equations (1) and (4). We applied 
Equation (3) to [he viscometric data which were not explained by Equation (I). at first the eva-
luations of n and D in Equation (3) were done for viscometric data of the malefic and copoly-
mers. 
   The evaluation of the exponent n is made as follows ; firs[, an approximate value of n can 
r be stimated by plotting log(C) against log C. Using the nvalue obtained, D is estimated 
r by plotting ~ a ainst C-". Secondly, the value of n is re-estimated by plotting lag(C -D) 
against log C, using the D value obtained above. Using the re-estimated n value, the value of 
D is newly estimated. The final values. of n and D can be determined after repeating this 
r procedure twice o  thrice. Thus, the linear relationship between (~-D) and C'may be ob-
tained using the final values of n and D. 
   Fig. 5 shows some [be log-log plotsused is order to evaluate n for the malefic and copoly-
mers at n=0 (I) and at a~0 (II) in the aqueous solutions, and in the acetone-water (1: 1) 
solutions (III). The values of n are obtained from the slopes of the straight lines. 
   12) W. Eem,~Z, phys. Chem., 183A, 249 (1938) 
   ]3) (a) Application of Eq. (4) to t4 different polyelectrolytes has been reported by R. H. Wiley 
and co-workers (J. Am. Chem. Soc., 76, 720 (1954), C. A., 49, 7972 (1955)). These authors evaluated the 
values ofK and rs' in Eq. (2) from the log'2C -IogC plots of their viscometrit data nd pointed out 
that the constant K of Eq. (2) was equal [o i.34 times the constant D of Eq. (4). (b) As for n', 
they obtained [he values, n'~-0.324---0.380 for potassium p-vinylbenzene sulfonate polymers which 
were relatively tow viscosities and were studied in the concentration range of about t.0~0.t g/dL
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         Fig. 5 Evaluation of n in Equation (3) for the copolymers of malefic acid 
            I: at a-0 in aqueous solutions, II: et a>0 is aqueous olutions,
          III: is acetone-aqueous (1:1) solutions 
 The values obtained for n are summarized in Table 2. 
  Table 1 The values of n and D in Equation (3) for the copolymers of malefic
I o~0, a9ueeus / F. Il a~0, aWeous llI acerone-watc~
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         • see Fig. S 
       •. The intrinsic viscosity of the original maleic anhydride copolymers in tetra-
           byd[afuran solutions a[ 20'C. 
            The values, n-0.76 at a-0 and n-0.58 at a-0.1, for MA-S-Fr in acetone-water 
          (i :1) solution have been obtained also from Fig. 5-III. 
   All values for n in Table 2 are intermediate betweenone-half and ond~. 
   A fact that the viscosity for the copolymers of maleic acid shows the dependence on con-
centration intermediate between one-half and one according to Equation (3) has a very interesting 
   14) The result of R. H. Wiley and co-workers (Reference 13 (b)) shows that the constant naccording 
to Eq, (3)is n<0.5 for potassium p-vinylbenzene sulfonate polymers in the concentration range studied, 
since [be value of n' in Eq. (2) is roughly equal to the value of n in Eq. (3) ahbough their treatment 
(Eq. (4) and Eq. (2)) differs from our Ueatment (Eq. (3)). Oa that point, we shall discuss in other place.
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meaning in relation to Schaefgen's suggestion1bJ given in his paper. We shall consider this meaning 
later. 
   The values obtained for the constant D are also shown in Table 2. D corresponds to the 
intrinsic viscosity of the fully screened polymer. In order to compare it with the uncharged 
copolymer, we show in Table 1, the intrinsic viscosities of the maleic anhydride copolymers in 
te[rahydrofuran solutions. We may roughly expect the tighter coiling of MA-S copolymer at 
tt=0 in aqueous medium from the comparson. 
   We evaluate subsequently the constants A and B in Equation (3). The linear relationship 































                                                                                                        ' 6 
             0 0.1 02 03 
                        C° 
   Fig. 6 Plots of(~ -D} against C" for MA-S according to Equation (3) 
     Plot of each fraction of MA-S, Fr, Fs. Fc and F: at m-0 is shown by open 
    circle (O). Plot of MA-S-Fr at O.S~m10 is shoav by filled circle (~). 
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Table 3 gives the values of A and B which are evaluated from the slope and intercept of [he 
r straight lines in Fig. 6and which an be also evaluated by plotting (~ -D)C' against 
C". 
               Table 3 The values of A, B and D in Equation (3) 
                             (MA-5, at a=0 in aqueous medium)
MA-S copolymer
















   Now we shall consider at first on the term BC" in Equation (3), where n holds the relation, 
0.5<n<I. Generally, an increase of reduced viscosity on dilution in polyelectrolytes is based on 
an increase of the net charges on a polymer molecule. On the other hand, the molecular shape 
is the result of the operation of electrostatic repulsion and nonelectrostatic contractility. When 
charge density is high, the intramolecular electrostatic repulsion between the net charges will be• 
come dominant. However, when the charge density is low, the effect of polymer-solvent inter-
action will be marked'°l. At a low degree of neutralization in the aqueous solutions of malefic 
acid copolymers, the interaction between the non-solvating comonomer substi[uents and water 
may be considerably strong, particularly in MA-S copolymer'1. Thus, our viscometric data for 
the copolymers of malefic acid obey Equation (3) which holds the relation, 0.5<n<l. Katth-
alsky16l has proposed a viscosity function of the following form based on a theoretical standpoint, 
                          C 1+BC~tB`C 
Equation (3) which holds the relation, OS<n<l, may be regarded as an empirical equation of 
Equation (5). On the other hand, if we survey the ezponent n on the increasing rate of the 
reduced viscosity with dilution in our present data, then we know that the larger the increasing 
rate is, the larger the value of n becomes. This Behavior may correspond to that the degree of 
dissociation increases ondilution at a given degree of neutralization. Thus, we may have another 
aspect of Equation (3) that the iacre~e in the number of dissociated groups in addition to the 
expansion of the ionic atmosphere surrounding the ionized group oa a polymer molecule with 
dilution, results the more increase of the net charge. 
   Next we shall test the values of A shown in Table 3 by the equation. 
A corresponds to the intrinsic viscosity [r~] of the fully stretched polymer. Fig. 7 shows a re-
lation between log.9 and log M„ for MA-S copolymer at a=0. The value obtained for a is 1.3 
   16) q, Katchalsky, J Polymer S i., 12, 159 (1954)
it
F.
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     1.9 
                              p Fig. 7 Relation between LogA 
~ and log Mn for bfA-S  ~ 1.8                                                                  copolymer 
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 which means considerable expansion of the polymer coil. However, the values of A for the 
copolymer at a~0 are very large and the decrease of the reduced viscosity is obsen~ed xperi-
mentally on extremely high dilution, where A in Equation (3) may Lave only a hypothetical 
meaning but n in Equation (3) may not lose the signi5cance mentioned above. 
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